We used voxel-based morphometry (VBM) to examine human brain asymmetry and the effects of sex and handedness on brain structure in 465 normal adults. We observed significant asymmetry of cerebral grey and white matter in the occipital, frontal, and temporal lobes (petalia), including Heschl's gyrus, planum temporale (PT) and the hippocampal formation. Males demonstrated increased leftward asymmetry within Heschl's gyrus and PT compared to females. There was no significant interaction between asymmetry and handedness and no main effect of handedness. There was a significant main effect of sex on brain morphology, even after accounting for the larger global volumes of grey and white matter in males. Females had increased grey matter volume adjacent to the depths of both central sulci and the left superior temporal sulcus, in right Heschl's gyrus and PT, in right inferior frontal and frontomarginal gyri and in the cingulate gyrus. Females had significantly increased grey matter concentration extensively and relatively symmetrically in the cortical mantle, parahippocampal gyri, and in the banks of the cingulate and calcarine sulci. Males had increased grey matter volume bilaterally in the mesial temporal lobes, entorhinal and perirhinal cortex, and in the anterior lobes of the cerebellum, but no regions of increased grey matter concentration.
INTRODUCTION
Morphological left-right asymmetry appears to be the rule, rather than the exception in biological systems Galaburda, 1985a, 1985b; 1985c; Kimura, 1973) . Even single-celled organisms are commonly asymmetric, and greater organisational complexity may be reflected in greater functional specialisation, and thus in more elaborate asymmetry of function and structure. Certainly human beings are structurally asymmetric; from the size of their feet, sex organs, and hands to the placement of visceral organs and facial features (Kimura, 1973; Levy, 1978; Purves et al., 1994) , and they exhibit lateralized behaviour as early as 10 weeks postconception (Hepper et al., 1998) . Humans are also endowed with asymmetric brains (Beaton, 1997; Geschwind and Galaburda, 1985a) . Hormones appear to play a large role in mediating bodily asymmetry, and it is therefore not surprising to find that phenotypic sex is related in systematic ways to cerebral asymmetry (de Courten-Myers, 1999; Frederikse et al., 1999; Kulynych et al., 1994; Moffat et al., 1998) . Likewise, functional asymmetries such as lateralized hand and foot preferences might be expected to correlate with brain structure, e.g., (Amunts et al., 2000; Beaton, 1997; Moffat et al., 1998) .
Postmortem analyses of brain structure, whilst sensitive to microscopic and macroscopic structural differences, are subject to practical shortcomings. First, postmortem material is not readily available. Second autopsy studies are time consuming, since much of the tissue preparation, at least, must be done manually . Postmortem studies may also be confounded by factors such as the interval between death and fixation and the timing of measurements, and these factors may vary across studies (Last, 1953; Messert et al., 1972) .
Consequently, postmortem studies may not pick up even moderately sized effects, given the typically small sample sizes. In vivo morphometry is a relatively new field, and the advent of high-resolution, high contrast structural MR in the last decade has opened the door to large-sample studies of brain structure. Many previous in vivo morphometric studies have been based on re-gion-of-interest measurement techniques, addressing a specific anatomical hypothesis. More recently, a number of sophisticated whole brain techniques have emerged, in order to register images from large cohorts of subjects into a common stereotactic space using linear and/or nonlinear warping techniques. Examples of such techniques include voxel-based morphometry (VBM), tensor based morphometry (TBM), deformation based morphometry (DBM), and hybrids of these methods (e.g., Ashburner et al., 1998; Ashburner and Friston, 1999; Ashburner and Friston, 2000; Davatzikos and Resnick, 1998; Christensen et al., 1997; Gaser et al., 1999) . Alternative computational strategies can characterize gyral and sulcal pattern variations across subjects in order to remove confounds of spatial variability within a stereotaxic template (Thompson et al., 1997 (Thompson et al., , 1998 , see also Thirion et al. (2000) for a related approach using random field methods). These latter approaches have already been applied to small groups of normal and diseased subjects to detect cerebral asymmetries. Here we use voxel-based morphometry (VBM), which is a fully automated whole-brain technique that registers high resolution MR images into a common stereotactic space, delivering a voxelwise overview of regional morphological effects in a large group of normal subjects.
Structural asymmetries in the human brain have been sought and studied for over a century (Geschwind and Galaburda, 1985a,b,c) , and observations of macroscopic structural asymmetries in areas known to be functionally asymmetric have proliferated in the past two decades. The main and most consistent observations include the right frontal and left occipital petalia; marked indentations of the inner table of the skull resulting from the greater protrusion of the adjacent cerebral lobes (Chiu and Damasio, 1980; Gundara and Zivanovic, 1968; LeMay, 1976) . This term is now used in reference to the lobar asymmetries themselves (e.g., Kennedy et al., 1999) . One of the earliest reported brain asymmetries is also one of the most consistent: the trajectory of the Sylvian fissures is angled upwards (dorsally) more steeply in the right hemisphere (Cunningham, 1892; cited in Geschwind and Galaburda, 1985a; Hochberg and Le May, 1975; Loftus et al., 1993; Ratcliff et al., 1980; Thompson et al., 1998 ; see also Westbury et al., 1999) . This trajectory asymmetry is very probably related to another well-known posterior Sylvian asymmetry-one probably more easily detectable by VBM-the leftward volume asymmetry of the planum temporale (Geschwind and Levitsky, 1968; Pfeiffer et al., 1993; Steinmetz et al., 1990; Wada et al., 1975) ; and of cytoarchitectonic area Tpt, characteristically found in this region (Galaburda et al., 1978) . Other macrostructural asymmetries can be found on the superior temporal plane: the first gyrus of Heschl, containing primary auditory cortex, appears to be larger on the left side (Penhune et al., 1996; Rademacher et al., 1993) . This difference has been ascribed to a larger volume of white matter rather than grey matter (Penhune et al., 1996) . Finally recent studies corroborate and extend older reports of a larger Broca's area (areas 44 and 45 of Brodmann) in the left hemisphere Annett, 1970; Falzi et al., 1982; Foundas et al., 1996; Geschwind and Galaburda, 1985a) . Of course, the presence and degree of many of these asymmetries depend on sex and handedness (the latter factor presumably indexing functional brain asymmetries such as sensorimotor asymmetry and language lateralization).
There are well-established sex differences in global brain size with males having approximately 10% larger total brain volumes (Peters, 1991) , but many post mortem and in vivo reports of regional sex differences are conflicting. Reports of regional sex effects include a larger left planum temporale (PT)/anterior Sylvian fissure in males (e.g., Kulynych et al., 1994; but see Foundas et al., 1999) ; cytoarchitectural dimorphism of the PT cortex, with significantly higher percentages of grey matter in females (Gur et al., 1999; Schlaepfer et al., 1995) , which may possibly be explained by higher neuronal densities and neuronal number estimates in females (Witelson et al., 1995) . Females have also been reported to have a larger anterior commissure (Allen and Gorski, 1991) and a more bulbous posterior corpus callosum (Bishop and Wahlsten, 1997; Habib et al., 1991; Steinmetz et al., 1992; Witelson, 1989) , although this latter finding has been refuted by others (Byne et al., 1988; Constant and Ruther, 1996) . Larger caudates have also been reported in females (Giedd et al., 1996) , although conversely there are also reports of smaller caudates in females (Filipek et al., 1994) . Other reports of sexual dimorphism include leftward asymmetry of the inferior parietal lobule in males (Frederikse et al., 2000) ; a larger volume of one of the interstitial nuclei of the anterior hypothalamus in males (Byne et al., 2000) and larger globus pallidus and putamen volumes in males (Giedd et al., 1996) . These conflicting reports in the literature of sex differences for regional structures not only reflect the different measurement techniques, but could also in part relate to inconsistent ways of detrending differences in global brain volumes from the data. There is the potential for global brain sex differences to masquerade as regional differences if substructure metrics depend nonlinearly on brain volume. For example, in an attempt to factor out effects of gross variations in brain size, many earlier postmortem and neuroimaging studies expressed regional volumes as a ratio of global volume or weight. But such measures may be highly correlated with global measures. More recently linear statistical models such as analyses of covariance (ANCOVA) or multiple correlation analyses have been used to model global differences, but even these may be flawed since they do not model nonlinear correlations (Thompson et al., 2001 (in press) ).
Handedness, as a habitual lifelong manual behavior, may plausibly have structural correlates in the sensorimotor system. Melsbach et al. (1996) showed morphological asymmetries of motor neurons innervating upper extremities. More recently Amunts et al. (1996 Amunts et al. ( , 2000 , reported deeper left central sulci in righthanded males, and visa versa in left-handed males. This macrostructural asymmetry was associated with concordant leftward microstructural asymmetry of neurophil volume in Brodmann's area 4, suggesting that hand preference is associated with increased connectivity and an increased intrasulcal surface of the precentral gyrus in the dominant hemisphere. , examined the central sulcus of 42 postmortem brains in detail, and found a slight, but not significant, trend toward a longer left central sulcus, and larger Brodmann areas 3 and 4 on the left side. Several studies have shown structural and functional asymmetries correlating with handedness. For example, Steinmetz, (1996) reported decreased leftward asymmetry of the PT in left-handers (see also Geschwind and Galaburda, 1985) . Others, however, have demonstrated that this finding may well be an artefact of the increased likelihood of atypical functional organisation in left handers (Foundas et al., 1994; Moffat et al., 1998; Ratcliff et al., 1980) . These researchers have found that, whereas subjects with left-hemisphere speech representation show a strong leftward asymmetry in the PT (regardless of handedness), subjects with right hemisphere speech representation do not show a consistent PT asymmetry. Moffat et al. (1998) also showed that left-handed subjects with left-hemisphere speech function, had a larger corpus callosum than either left-handed subjects with right-hemisphere speech representation or right handed subjects. In addition, there have been reports of a handedness effect on frontal and occipital lobe asymmetry (Bear et al., 1986; Kertesz et al., 1990; Weinberger et al., 1982; Zilles et al., 1996) .
In this study, we apply a fully automated whole brain morphometric technique to a large sample of in vivo MR image volumes from normal adult subjects (n ϭ 465). We characterize and quantify human brain asymmetry and characterize the effects of sex and handedness on macroscopic and mesoscopic brain structure.
METHODS
Approval for the study was obtained from the joint ethics committee of the National Hospital for Neurology and Neurosurgery, and the Institute of Neurology, UCL. The study group was selected from a population of 1761 normal volunteers who responded to advertisements and were scanned at the Wellcome Department of Cognitive Neurology from February 1998 -December1999. All subjects with incomplete questionnaires, any neurological, medical, psychiatric condition, or migraine were excluded. Inclusion criteria included: (1) Normal MRI brain as determined by an experienced neuroradiologist (CDG). Any MRI scans with structural abnormalities, prominent normal variants (e.g., mega cisterna magna, cavum septum pellucidum) or technical artefacts were excluded. (2) No history of alcohol intake of more than 30 units/week or intake of more than 10 units within 48 h prior to scanning. (3) No history of severe head trauma requiring medical attention. (4) No history of cognitive difficulties. Handedness was assessed by a simple questionnaire documenting which hand subjects wrote with, which foot they kicked with, and whether or not they had been encouraged to change handedness as a young child. We only included subjects with a clear cut hand preference, and no history of coercion to change handedness as a young child. In all, 465 subjects met the inclusion criteria. They comprised 29 left-handed females (aged 18 -75, mean 38; 5 right-footed), 171 right-handed females (aged 18 -79, mean 33; 3 left-footed, 4 equalfooted), 38 left-handed males (aged 20 -59, mean 36; 9 right-footed), and 227 right-handed males (aged 17-67, mean 30, 10 left-footed, 3 equal-footed).
Structural MRI Scanning Protocol
Magnetic resonance imaging was performed on a 2 Tesla Siemens MAGNETOM Vision scanner. A 3-D structural MRI was acquired on each subject using a T-1 weighted MPRAGE sequence (TR/TE/TI/NEX 9.7/4/ 600/1, flip angle 12°, matrix size 256 ϫ 192, FOV 256 ϫ 192, yielding 108 sagittal slices, slice thickness of 1.5 mm and in plane resolution of 1 ϫ 1 mm.
Data Analysis
Data were analyzed on a Sun Ultra 60 workstation (Sun Microsystems, Mountain View, CA) using MAT-LAB 5.3 (the MathWorks, Natick, MA) and SPM 99 (Wellcome Department of Cognitive Neurology, London) (Friston, 1995) .
Data Preprocessing
Full details of the steps involved in processing data for an optimised method of VBM namely brain extraction, spatial normalization, segmentation, modulation, and smoothing have been described in detail elsewhere Good et al., 2001) . Processing components pertinent to this study will be emphasized here.
Customized templates.
(1) A whole brain template was created from 120 constituent images chosen pseudorandomly from the group, consisting of 60 males (30 left-handed) and 60 females (30 left-handed) matched for age, with a mean age corresponding to that of the whole group. Each image was normalized to the SPM T1 template, which approximates Talairach space. These normalized images were averaged and the resulting image was smoothed with an 8-mm Gaussian kernel to create a template in which the left side of the image represents the left hemisphere. (2) Grey and white matter templates were derived separately by normalizing all 465 images to the whole brain template, then segmenting, extracting, smoothing, and finally averaging all the grey/white matter images to create separate grey/ white matter templates. (details of each step to follow). (3) Symmetric grey and white matter and whole brain templates were derived separately by averaging each template with its left-right flipped version. In these symmetrical templates, each side of the image represents an average of both hemispheres.
Segmentation and extraction of a brain image. This is a fully automated procedure to remove scalp tissue, skull and dural venous sinus voxels from all the structural MRI volumes (see Good et al., 2001) .
Normalization for analysis of brain asymmetry. The extracted grey/white matter images were normalized to the symmetric grey/white matter templates respectively, thus avoiding any contribution of nonbrain voxels. The spatial normalization included both affine transformations and a linear combination of smooth spatial basis functions that model global nonlinear differences in shape . It should be noted that this method of normalization does not attempt to match every cortical feature exactly, but merely corrects for global shape differences, thus regional asymmetries are preserved. A caveat of this optimized normalization procedure is a suboptimal initial segmentation. SPM segmentation is optimal when the structural images are fully normalized and in stereotactic space, since the Bayesian priors for segmentation have been transformed with affine and nonlinear warps and are thus in stereotactic space. The initial segmentation implicit in the brain extraction step was performed on affine coregistered images, which were not in stereotactic space. Thus we re-applied the optimal normalization parameters to the original structural images. The spatially normalized structural images (now in stereotactic space) were resliced to a final voxel size of approximately 1.5 ϫ 1.5 ϫ 1.5 mm 3 and then optimally segmented into grey and white matter, CSF and other nonbrain partitions (Good et al., 2001) .
Normalization for sex and handedness analyses. Exactly the same procedures were followed, but using nonsymmetric (normal) grey and white matter templates (see Templates, point 2, above).
Correction for volume changes (modulation).
In order to preserve the volume of a particular tissue compartment (grey or white matter or CSF) within each voxel, we modulated the image partitions (grey or white matter) by the Jacobian determinants derived from the spatial normalization. This effectively converts the segments of grey matter density into grey matter mass (i.e., rendering the inferences about the absolute amounts of grey matter in a voxel as opposed to relative amounts). This step has been explained in detail previously Good et al., 2001 ). An analysis of modulated data thus tests for regional differences in the absolute amount (volume) of grey matter, whereas analysis of unmodulated data tests for regional differences in concentration of grey matter in the voxels. We analyzed both modulated and unmodulated data in this study.
Smoothing. The normalized, segmented, modulated, and unmodulated images were smoothed using a 12-mm FWHM isotropic Gaussian kernel. This conditions the residuals to conform more closely to the Gaussian random field model underlying the statistical process used for adjusting P values (Friston, 1995; Worsley, 1996) .
Statistical Analysis
Data were analyzed using statistical parametric mapping (SPM99) employing the General Linear Model (Friston, 1995) . Regionally specific differences in grey matter, white matter, and CSF between groups were assessed statistically using a two-tailed contrast, namely testing for an increased or decreased probability of a particular voxel containing grey or white matter or CSF. In order to examine regional differences, we controlled for global differences in voxel intensity across scans by including the global mean (grey or white matter or CSF) voxel intensity value as a confounding covariate in all analyses. For modulated grey/ white matter analyses, we obtained global mean volume values from smoothed modulated grey/white images. For unmodulated analyses we obtained global mean concentration values from smoothed, unmodulated grey/white matter images. Corrections for the search volume (and implicit multiple comparisons) in terms of the P values were made using Gaussian random field theory, which accommodates spatial correlations inherent in the data and is now established as the conventional approach to inference in smooth spatially extended data Worsley, 1996) . Significance levels for the F statistics were set at P Ͻ 0.05, corrected for multiple comparisons. Significance levels for one-tailed T statistics were set at P Ͻ 0.025, corrected.
Statistical design for analysis of brain asymmetry. We conducted 2 ϫ 2 ϫ 2 (flipped/unflipped by sex by handedness) factorial analyses on modulated and unmodulated grey and white matter and CSF, respectively, to assess brain asymmetry and the effects of sex and handedness. We performed conjunctions to detect common asymmetry effects (for example, which asymmetries are found in both males and females).
Statistical analyses of sex and handedness effects. (1) Regional effects of sex and handedness were assessed by multiple regression of voxel values of grey matter, white matter, and CSF, respectively, in a model including linear and quadratic expansions of age. (2) Handedness analysis: We conducted a separate handedness analysis using handedness as a factor, with sex and the first order effects of age as covariates. (3) Effects of sex and handedness on global measures were assessed by multiple regression of summed voxel values of grey matter, white matter, and CSF, respectively, in a model including linear and quadratic expansions of age.
RESULTS

Grey Matter
1. Asymmetry. We detected extensive grey matter asymmetry common to all groups (conjunction analysis), namely larger left occipital, right frontal and right temporal lobes (the petalia) (Fig. 1a) . Furthermore, we detected more focal leftward (left Ͼ right) asymmetry in the transverse temporal (Heschl's) gyri, frontal operculum, in the depths of the superior and inferior frontal sulci, in the mesial temporal lobe (including amygdala and hippocampus), anterior cingulate sulcus, caudate head ( Fig. 1a) and medial cerebellum (not illustrated). Focal rightward (right Ͼ left) asymmetry was seen in the lateral thalamus, around the calcarine sulcus, anterior cingulate (Fig. 1a) and in the lateral cerebellum (not shown). There was a significant interaction of sex with asymmetry at the medial end of Heschl's sulcus, at the junction with PT, with males having increased leftward asymmetry (Fig. 1b) . There was no interaction of handedness with asymmetry, even with reduced thresholds and small volume corrections for the left posterior temporal lobe (PT), central sulci, and left occipital lobe (regions where handedness effects have previously been described).
2. Global effects of sex. Although age was approximately matched between females and males (females 33.5 Ϯ 13.6 years, males 30.9 Ϯ 11.1 years), we included linear and quadratic expansions of age as covariates in the analysis since age has a marked effect on brain morphology (Good et al., 2001) . The mean grey matter volume was significantly greater in men (0.829 Ϯ 0.069 liters) than in women (0.747 Ϯ 0.064 liters), F(1,458) ϭ 239.85, P Ͻ 0.0001) (Fig. 2) . The mean fractional volume of grey matter (as a percentage of total intracranial volume) was also significantly greater for males than females (P Ͻ 0.0001), The greywhite absolute volume ration was 1.89 for females and 1.89 for males. The grey-white fractional volume ratio was 1.82 for females and 1.82 for males (Good et al., 2001) .
3. Regional effects of sex. There were no interactions between sex and handedness. There was a significant main effect of sex. Males have significantly increased grey matter volume bilaterally in the amygdala, hippocampi, entorhinal and perirhinal cortex, in the anterior lobes of cerebellum and in the left anterior superior temporal gyrus (Fig. 3a (i and ii) ). We did not detect any regions of significantly increased grey matter concentration in males. Females have significantly increased grey matter volume in the right middle temporal, lateral orbital and left parahippocampal gyri (Fig. 3b(i) ), in the right transverse temporal (Heschl's) and both inferior frontal gyri (not illustrated), in right planum temporale (PT) and within the right inferior parietal and cingulate gyri (Fig.  3b(ii) ). There was also increased grey matter volume in the in the banks of the left superior temporal sulcus and the banks of both central sulci (Fig. 3b(iii) ). Females have significantly increased grey matter concentration extensively and relatively symmetrically in the frontal, posterior temporal and parietal cortical mantle, parahippocampal gyri, adjacent to the caudate heads and within the banks of the cingulate and calcarine sulci (Fig. 3c (i and ii) ).
These regional main effects of sex were also observed as individual simple effects for right-and left-handers. The stereotactic coordinates of the maxima and corresponding P and T values are tabulated in Table 1 .
4. Global effects of handedness. The mean age of left and right-handers differed significantly (P Ͻ 0.001), left handers (36.8 Ϯ 13.9 years), and right handers (31.2 Ϯ 11.8 years). When linear and quadratic effects of age were covaried out, there was no significant difference in global grey matter volume between left and right-handers, F(1,458) Ͻ 1.
5. Regional effects of handedness. There was no significant difference in grey matter volume or concentration between right and left-handers on any of the handedness analyses. Furthermore, we did not detect regional differences, even with lowered thresholds and small volume corrections for primary motor and sensory cortex (particularly in the hand area) according to our prior hypothesis.
White Matter
1. Asymmetry. We detected extensive white matter asymmetry common to all groups (conjunction analysis), adjacent to the areas of grey matter asymmetry (Fig. 1c) . There was a significant interaction of sex with asymmetry, with increased leftward asymmetry adjacent to Heschl's gyrus/PT (Fig. 1d) .
2. Global effects of sex. The mean white matter volume was significantly greater in men (0.454 Ϯ 0.044 liters) than in women (0.395 Ϯ 0.041 liters), F(1,458) ϭ 209.33, P Ͻ 0.0001 (Fig. 1) .
3. Regional effects of sex. There were no interactions between sex and handedness. There was a significant main effect of sex. Males had significantly increased white matter volume bilaterally in the anterior temporal white matter extending into the internal capsules (temporal stems) (Fig. 4a) , and significantly increased white matter concentration bilaterally in the anterior temporal and posterior frontal lobes (Fig. 4b) . Females had significantly increased white matter volume bilaterally in posterior frontal lobes and in the left temporal stem/optic radiation (Fig. 4c) . Females had significantly increased white matter concentration bilaterally in the internal and external capsules and optic radiations (Fig. 4d) . These changes were also observed as individual simple effects in right and lefthanders. No corpus callosum differences were ob-
FIG. 1. (a)
Grey matter volume: asymmetry. Regional areas of grey matter volume (modulated data) asymmetry common to all groups superimposed on the normalized symmetrical mean grey matter image. Significant voxels represent ipsilateral side Ͼ contralateral side asymmetry (and thus also contralateral Ͻ ipsilateral asymmetry). The color bar represents the T score. Significant voxels are seen peripherally in the right frontal and temporal and left occipital lobes (the so-called petalia). More focal leftward (left Ͼ right) asymmetry is seen in the frontal operculum, posterior insula (extending into Heschl's gyrus and planum temporale (PT), not shown), in the depths of the superior and inferior frontal sulci, mesial temporal lobe (including amygdala and hippocampus), anterior cingulate sulcus, and caudate head. Focal rightward (right Ͼ left) asymmetry is seen in the lateral thalamus, around the calcarine sulcus and anterior cingulate. A few significant voxels extend outside the confines of the grey matter compartment, e.g., in the internal capsule, probably reflecting misclassification. (Cerebellar asymmetries are not shown in this figure. ) (b) Grey matter volume: increased asymmetry in males (interaction with sex). Regions corresponding to an interaction of asymmetry with sex are superimposed on the normalized symmetrical mean grey matter image. The color bar represents the T score. Significant voxels are seen at the medial end of left Heschl's sulcus, at the junction with PT, with males having increased leftward asymmetry. (c) White matter volume: asymmetry. Regional areas of asymmetry common to the whole group are superimposed on the normalized symmetrical white matter mean image. The color bar represents the T score. Significant voxels are seen adjacent to the regions of grey matter asymmetry. (d) White matter volume: increased asymmetry in males (interaction with sex). Regions corresponding to an interaction of asymmetry with sex are superimposed on the normalized symmetrical white matter mean image. The color bar represents the T score. Significant voxels are seen adjacent to the medial end of left Heschl's gyrus and PT, with males having increased leftward asymmetry. (e) CSF asymmetry. Regional areas of asymmetry common to the whole group superimposed on the normalized symmetrical CSF mean image. The color bar represents the T score. Significant voxels are seen adjacent to the regions of grey matter asymmetry.
FIG. 2. Box and whisker plots show the mean global volumes of grey matter (red), white matter (green)
, and CSF (blue) in females (n ϭ 200) and males (n ϭ 265). The box represents the interquartile range and the whiskers the 95% confidence intervals. The wide spread of data reflects the wide age range.
served. The stereotactic coordinates of the maxima and corresponding P and T values are tabulated in Table 2 .
4. Global effects of handedness. There was no significant difference in global white matter volume between left-and right-handers.
5. Regional effects of handedness. Neither white matter volume nor concentration differed between right-and left-handers. Even when we lowered our thresholds and performed small volume corrections on regions where we had a prior hypothesis for differences (such as hand/foot primary motor and sensory cortex), we did not detect any difference. CSF 1. Asymmetry. CSF asymmetry was noted around the regions of grey matter asymmetry, particularly in the right hemisphere and most prominently in the right Sylvian fissure (Fig. 1e) .
2. Global effects of sex and handedness. The mean CSF volume did not differ significantly between males (0.397 Ϯ 0.040 liters) and females (0.401 Ϯ 0.048 liters), F(1,458) ϭ 1.91, P ϭ 0.22). There was no significant effect of handedness on CSF volume F(1,458) Ͻ 1 (Fig. 2) .
3. Regional effects of sex and handedness. There was no interaction between sex and handedness and no main effect of handedness. There was a significant main effect of sex. Females had increased CSF volume in the lateral ventricles. Males had increased CSF volume in the perimesencephalic cistern, anterior and superior interhemispheric fissure.
DISCUSSION
Brain Asymmetry and Interactions with Sex and Handedness
We observed larger left occipital and right frontal lobes, consistent with previous reports (e.g., Chiu and Damasio, 1980; Geschwind and Galaburda, 1985a; Gundara and Zivanovic, 1968; Kennedy et al., 1999; LeMay, 1986) . The right frontal asymmetry extended into central and even temporoparietal regions, although the reasons for this are unclear. We also observed asymmetric enlargement of grey matter at the posteromedial edge of the anterior transverse temporal (Heschl's) gyrus on the left, adjacent to the planum temporale, corroborating recent studies using accurate cortical mapping techniques (Thompson et al., 1998 ) and postmortem data (e.g., Geschwind and Levitsky, 1968; Geschwind and Galaburda, 1985a) . In males this leftward asymmetry was more pronounced, and was observed in both grey and white matter. Our data are consistent, in part, with those of Penhune et al. (1996) , who found a greater volume of white matter (but not grey matter) in left Heschl's gyrus, but did not observe an interaction with sex. The discrepant results could reflect the smaller sample size in the Penhune study, or to the local nature of the sex effect: Penhune's analyses were conducted on measurements of the whole of Heschl's gyrus. Our observation of increased leftward asymmetry in males also concur with Kulynych et al. (1994) , and Kansaku et al. (2000) , who localized the leftward asymmetry to PT, and Witelson and Kigar (1992) , who showed increased asymmetry of the horizontal segment of the Sylvian fissure (an indirect index of PT) in males. A recent paper using accurate cortical mapping techniques also corroborated these findings and also reported superior and inferior temporal sulcal asymmetries (left anterior to right) and postcentral cortex asymmetries (further anterior on the right). Voxelbased morphometry demonstrated additional temporal lobe asymmetries, namely, increased grey matter in the right lateral temporal lobe and left mesial temporal lobe, as well as caudate and cerebellar asymmetries.
Asymmetric white matter changes were observed predominantly adjacent to respective grey matter changes. Biologically, it seems plausible that regional cortical change is associated with corresponding change in the adjacent white matter connections. This observation may however in part reflect an edge effect, for example, if the interface of one tissue compartment is displaced, the difference could be appreciated in both compartments. A recent postmortem study ascribed leftward PT asymmetry to larger white matter volumes and axons with thicker myelin sheaths, and not to proliferation of glia or the density of cortical to cortical projections of neurons. We confirm leftward asymmetry of white matter adjacent to the left PT, although as Fig. 1c demonstrates, many other regions of white matter asymmetry were also detected.
Sex Differences
Our data concur with well-established findings of increased global brain volumes in males. The mean absolute and relative grey-white volume ratios were 1.89 and 1.82 respectively, with no difference between males and females. Grey-white matter ratios vary widely in the literature, for example postmortem and in vivo studies, using a variety of techniques, report ratios in a wide range between approximately 1 and 3 (see Good et al., 2001 ). Furthermore we show increased grey matter concentration extensively in the cortical mantle in females, corroborating previous histopathological reports of increased neuronal density and number in female temporal cortex (Witelson et al., 1995) . More recent histopathological data from adolescent brains shows the reverse, with larger neuronal density in 60 cortical loci in males (Rabinowicz et al., 1999) , although clearly, such data cannot simply be projected to the adult population in view of continued brain maturation into adolescence, which can vary between the sexes Lange et al., 1997) . More interestingly, we show significant main effects of sex on regional brain tissue composition. We detect increased grey matter volume bilaterally and symmetrically in the amygdala/hippocampal complexes including entorhinal and perirhinal cortex and superior cerebellum, as well as in the left anterior temporal pole in males. In females, we show several relatively asymmetric foci of increased grey matter volume in the posterior temporal lobes, including right Heschl's gyri and PT; in the right orbital gyri; adjacent to the depths of the central sulci and in the inferior frontal gyri bilaterally and in left angular gyrus. As in the analyses for asymmetry, sex-related white matter changes were in most cases observed adjacent to respective grey matter changes. Precise interpretation of these regional structural differences is difficult giving the paucity and inconsistency of prior reports in the literature. It is beyond the scope of this manuscript to relate these findings to interpretations of brain function. Rather we aim to present archival data in a large normal sample which will serve as a framework against which further structural and functional studies can be compared.
Handedness
We did not observe any main effects of handedness on brain morphology, not even in the sensorimotor regions, as we had predicted. This was surprising, considering the large study group and the sensitivity of VBM to detect subtle asymmetry and sex effects, and furthermore its ability to demonstrate subtle changes in the hippocampus (Maguire et al., 2000) , brainstem (Krams et al., 1999a) , and hypothalamus (May et al., 1999) . But we cannot exclude the possibility of insufficient power of this study to detect handedness effects. Given that many of the reported handedness effects have been found in sulcal topography (e.g., Amunts et al., 2000; White et al., 1997) , it is plausible that VBM, in its current state of development is not sensitive enough to detect subtle sulcal differences. Furthermore, it is well known that there is a great degree of gyral and sulcal variation not only between individuals but also between brain regions (Kennedy et al., 1998) . The data of White et al. (1997) suggest that the preferred use of the right-hand in humans occurs without gross lateral asymmetry of the primary sensorimotor system. If indeed volumetric differences do occur in areas 3 and 4, then they are, at most, subtle. More importantly, White et al. (1997) noted large interindividual differences in the overall extent of areas 3 and 4. Another explanation for our negative result could be an inadequate assessment of handedness and thus relative heterogeneity of the right-handed groups: time constraints made it impractical to administer a comprehensive handedness/footedness questionnaire, such as the Waterloo Handedness and Footedness Questionnaire (e.g., Elias et al., 1998 ), Annett's handedness questionnaire (Annett, 1970) , or the Edinburgh Handedness Inventory (Oldfield, 1971) . Nevertheless, hand used for writing correlates substantially (in Western populations) with laterality scores, "foot used to kick ball" was largely consistent with handedness self-reports, and furthermore we excluded subjects who were not spontaneously right-handed.
Methodology
VBM is a fully automated unbiased whole brain technique that detects regionally specific differences in brain structure on a voxel by voxel basis. This technique has been cross-validated with region of interest measurements and functional data in a number of studies (Abell et al., 1999; Krams et al., 1999b; Maguire et al., 2000; Mummery et al., 2000; Richardson et al., 1997; Sowell et al., 2000 Sowell et al., , 1999 Vargha-Khadem et al., 1998; Woermann et al., 1999 Woermann et al., , 1998 Wright et al., 1995) ; and full details of the methodology and evaluations of the steps underpinning VBM can be obtained in . Given that VBM depends to a large extent on the grey/white matter contrast in MR images, it is important that the tissue contrast level be both optimal (Deichmann et al., 2000) , and as constant as possible: both within images and across all the images included in a study. Certain brain regions, such as the brainstem and basal ganglia, have suboptimal grey/white matter contrast owing to their inherent structural composition, namely, the intricate pattern of white matter tracts and grey matter nuclei. In its current state, VBM still misclassifies some voxels around the basal ganglia (see Fig. 4d ). Peripheral brain regions, on the other hand, have relatively poor tissue contrast because the sensitivity of the head coil is maximal in the centre and drops off towards the edges. The nonuniformity correction, see Ashburner and Friston (2000) , helps to address this problem, but it is important to position subjects carefully within the scanner, so that the brain lies within the centre of the head coil. Furthermore our experience indicates that automated skull stripping and brain extraction are necessary to prevent contamination of the data with misclassified scalp, skull, meningeal, and vascular tissue.
A nonlinear spatial normalization procedure is used in order to maximize the correspondence of anatomical regions across subjects (and, consequently enhance statistical power). However if spatial normalization were perfect, no between group anatomical differences would be seen in unmodulated data. Although the nonlinear warps operate to primarily account for global shape differences (so that regionally specific structural differences are largely preserved), it is still helpful to modulate voxels for the regional changes that do occur Regions of increased grey matter volume (modulated data) are superimposed on a normalized symmetrical grey matter mean image (i) and a normalized single subject structural image (ii). The color bar represents the T score. Significant voxels are seen symmetrically in the mesial temporal lobes, in amygdaloid hippocampal complexes, entorhinal and perirhinal cortex, in the anterior lobes of the cerebellum, and in the left anterior superior temporal gyrus (ii). A few voxels can be seen at the junction of the superior edge of the right putamen and internal capsule (i), which may be misclassified. (b) Grey matter volume: increases in females vs males. Regions of increased grey matter volume (modulated data) are superimposed on a normalized mean grey matter image (i, ii) and a normalized single subject whole brain image (iii). The color bar represents the T score. Significant voxels are seen in the right middle temporal gyrus, left parahippocampal gyrus, right lateral orbital, and frontomarginal gyri (i); in the right inferior parietal gyrus, cingulate gyrus and right transverse temporal gyri (Heschl's) gyri/planum temporale (PT)(ii), and within the banks of the left superior temporal and both central sulci (iii). (Significant voxels in the inferior frontal gyri are not shown.) (c) Grey matter concentration: increases in females vs males. Regions of increased grey matter concentration (unmodulated data) are superimposed on a normalized single subject image (i) and the normalized symmetrical grey matter mean image (ii). The color bar represents the T score. Significant voxels are seen diffusely in the cortical mantle, parahippocampal gyri, and in the banks of the cingulate and calcarine sulci. Significant voxels are also seen around the anterior limbs of the internal capsules, possibly reflecting caudate/lentiform nucleus changes, but probably also misclassification of voxels into grey/white matter. Regions of increased white matter volume (modulated data) are superimposed on the normalized mean white matter image. Significant voxels are seen bilaterally in posterior frontal white matter, left temporal stem, and optic radiation. (d) White matter concentration: increases in females vs males. Regions of increased white matter concentration (unmodulated data) are superimposed on the normalized mean white matter image. Significant voxels are seen bilaterally in internal and external capsules and optic radiations. A number of voxels are also seen in globus pallidus and putamen on both sides and are probably misclassified voxels owing to poor tissue contrast in these regions (see Discussion).
during the spatial normalization, and thus incorporate information from the deformations themselves. In our experience, analyses on modulated data appear to be more sensitive to regionally specific macroscopic structural change than analyses on unmodulated data (in which regional tissue concentration differences may be reduced by nonlinear spatial normalization). This is because differences among subjects in terms of local tissue composition are augmented by differences in the local shape that are encoded by the deformation fields. There is a great deal of endogenous variability within and between brain regions (Kennedy et al., 1998) , in addition there can be contributions from artifactual sources such as imperfections in the spatial normalization that themselves show a regional specificity. This regional variance has implications for the sensitivity of any morphometric technique to detect changes, particularly in regions of high variance. VBM may be relatively insensitive to subtle atrophy in regions of high variance whilst more sensitive to atrophy in regions of low variance, however, this is the very point of using SPM that employs a voxel-wise estimate of variance. Since the nonlinear warps do not attempt exact gyral matching, data from corresponding regions cannot always be accurately mapped across subjects. For example, a local difference in the region of entorhinal cortex as localized on the average normalized image from all subjects, may not correspond exactly to entorhinal cortex in each and every subject. Developments with high dimensional warps and tensor-based morphometry (TBM) will facilitate more precise matching of cortical and deep structures and address these problems. Furthermore sophisticated new cortical mapping techniques (Thompson et al., 1997; can now mathematically separate profiles of early cortical atrophy from underlying differences in cortical patterns and registration mismatch. It is appropriate to determine anatomical localisation (based on anatomical knowledge and brain atlases) of VBM detected differences on the mean normalized images from the whole group which reflect the variance of structures, and not just on individual images. One also needs to consider that each voxel represents the locally weighted average of a region determined by the gaussian smoothing kernel, which was 10 mm FWHM in this study, so change projected over entorhinal cortex, may reflect some contribution of change in adjacent structures. VBM has previously demonstrated subtle changes within the anterior and posterior hippocampus in a group of taxi-drivers, that corroborated independent accurate ROI measurements and functional data (Maguire et al., 2000) , suggesting that this technique can register and segment small structures with some degree of accuracy in normal subjects. In addition VBM has detected bilateral hippocampal atrophy in children with hypoxic ischaemic damage (Salmond et al., 2000) and reductions in left hippocampal grey mat- ter density in chronic unipolar depression, that correlated with verbal memory scores (Shah et al., 1998) . VBM probably cannot inform about microstructural details such as cytoarchitecture and histochemistry, but the addition or exclusion of the modulation step can facilitate the assessment of the volume (amount) relative to the concentration of grey or white matter.
CONCLUSION
Our data replicate many well established postmortem and in vivo findings of human brain structural asymmetry, while expanding on the regional details. The use of large numbers of subjects in this study permitted the examination of relatively subtle asymmetry and sex effects, although surprisingly, we did not detect any brain structural correlate of handedness. Significantly, these data have been characterized with a fully automated whole brain technique that avoids the subjectivity of region of interest approaches. VBM is thus emerging as a powerful unbiased technique for evaluating human brain structure in life, with important implications for the exploration of structural correlates of normality and disease. 
